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Currently, the spatial patterns of mitochondrial genes and how the genomic localization of (pseudo)genes originated from mitochondrial DNA
remain largely unexplained. The aim of this study was to elucidate the organization of mitochondrial (pseudo)genes given their evolutionary
origin. We used a keyword finding method and a bootstrapping method to estimate parameter values that represent the distribution pattern of
mitochondrial genes in the nuclear genome. Almost half of mitochondrial genes showing physical clusters were located in the pericentromeric and
subtelomeric regions of the chromosome. Most interestingly, the size of these clusters ranged from 0.085 to 3.2 Mb (average±SD 1.3±0.73 Mb),
which coincides with the size of the evolutionary pocket, or the average size of evolutionary breakpoint regions. Our findings imply that the
localization of mitochondrial genes in the human genome is determined independent of adaptation.
© 2008 Elsevier Inc. All rights reserved.Keywords: Endosymbiosis; Evolutionary pocket; Gene cluster; Nuclear-encoded mitochondrial protein; Spatial distributionThe endosymbiosis theory states that mitochondrial gene
sequences must be successfully integrated into the nuclear ge-
nome tomaintain themetabolism of the eukaryotic cell [1]. This is
thought to be important for increasing genomic complexity [2–4].
Mitochondrial biogenesis is currently proposed to involve signal
cross talk between the nucleus and the mitochondria, leading to
the coordinated regulation of gene expression from the nuclear
genome rather than the mitochondrial genome. It has been
reported that the human genome contains more than 1000 genes
encoding nuclear-encoded mitochondrial proteins (NEMPs;
[5,6]).
The origin and evolution of human mitochondrial (pseudo)
gene sequences have been studied in detail [7–11]. The ge-
nomic location of newly retroposed gene copies plays an im-
portant role in determining their prevalence in the population'sAbbreviations: NEMP, nuclear-encoded mitochondrial protein; ppNEMP,
processed pseudogene of NEMP; mtDNA, mitochondrial DNA; NHEJ,
nonhomologous end-joining; DSB, double-strand breaks.
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doi:10.1016/j.ygeno.2008.01.004gene pool. Integration events often have deleterious effects,
leading to complex diseases that may hinder the fixation
of mitochondrial gene copies [12]. In addition, the integra-
tion of new genetic material may disrupt proper translation.
Thus, relatively few integration events may contribute to
important functional roles via the co-option of regulatory ele-
ments or through insertion into untranslated regions as “molec-
ular passengers” [13,14].
Recent studies have suggested that genomic location might
affect the gene expression of transposed mitochondrial se-
quences [15,16]. In most cases, transposed mitochondrial se-
quences lack functional promoters and regulatory elements, and
therefore they gradually become nonfunctional pseudogenes
and contribute to the accumulation of mutations. Given that the
mutation rate is higher in the parental mtDNA than in the
relocated genomic copy [17,18], the mitochondrial pseudo-
genes are regarded as “molecular fossils” that could help to
unravel the history and mechanism of mitochondrial integration
[19–21].
The evolutionary mechanism ofmitochondrial integrations has
been well studied in plants [22–24]. Some small metabolic gene
clusters are thought to have formed in bacteria and in the yeast
genome [25,26]. However, the processes underlying the genomic
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the human genome. For example, the vigorous activity of mo-
bile elements in the mammalian genome has markedly in-
creased the size of the human genome [27]. A number of
particular genomic regions such as HSA19q12–q13.2 have
been identified as candidate regions for metabolic syndromes
[28–30]. However, there is currently no published compre-
hensive analysis of mitochondrial gene clusters in the human
genome. In addition, thus far, no clear explanation exists for
how mitochondrial gene clusters can be defined on a genomic
scale. To understand the origin of these clusters, we need to
consider a variety of parameters and quantify the impact of this
phenomenon on genome organization.
We analyzed the genome-wide distribution of mitochon-
drial genes and their pseudogenes in the nuclear genome to
trace the evolutionary progression from their original state.
A probability-based approach for mitochondrial localization
was used to find the parameters that provided the best de-
scription of the distribution patterns. Genome-wide scans for
mitochondrial genes were then performed to identify regions
that showed a bias toward higher scores of clustering. Finally,
we analyzed spatial distribution in the context of function by
calculating the probability of distance among mitochondrial
genes. We used this approach to investigate their physical
locations in the genome and compare their distributions to
those of other known genes. Given our results, we suggest an
evolutionary model of genomic distribution by examining the
clustering of NEMP genes, which have evolved under the
neutral processes of genome rearrangement (gene shuffling) by
natural selection.Fig. 1. Relationship between the number of pseudogenes and the protein coding sequ
more pseudogenes; Spearman's rank correlation, r=–0.16; p=0.02. Triangles indic
testis (upward-pointing) and ovary (downward-pointing).Results
Characterization of NEMP genes and pseudogene sequences
NEMP sequences were obtained from theMitoProteome data-
base, which provides sequences for nuclear-encoded mito-
chondrial proteins. Each sequence was extensively annotated
with data extracted from external databases [31]. Although the
majority of the entries have been experimentally validated, some
entries in the database were incomplete. Therefore, for quality
assurance, the best hits of the alignment results using the
BLASTP and BLASTX similarity search programs were re-
corded [32]. The final best hit in the curator-reviewed RefSeq
was defined as a “reviewed” NEMP sequence. We obtained 668
reviewed NEMP sequences with accession numbers beginning
with NP and NM for protein and mRNA, respectively, that met
our validity criteria. In addition, 297 of 668 (16.2%) NEMPs
were determined to be homologues with fairly stringent selection
thresholds to a pool of protein sequences from the genomes of
eight α-proteobacterial species that are considered to be pre-
cursors of eukaryotic mitochondrial genes [33,34].
To avoid overestimation of the number of processed pseu-
dogenes of NEMPs (ppNEMPs), we modified our previous
pseudogene identification method [14,21,35] (see Materials and
methods for details) and identified 531 candidate ppNEMPs.
These candidate sequences were examined to identify whether
any ppNEMPs originated from the duplication of NEMP gene
sequences. Among them, 24 candidate ppNEMPs were deter-
mined to be duplicated pseudogenes based on exon–intron
structures identical to those of the parental NEMP genes. Theseence (CDS) length of the parental NEMP gene based on 197 genes having one or
ate ppNEMPs for highly expressed NEMP genes in germ-line tissues including
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boring candidate pseudogenes that shared a common parental
NEMP gene within 1 Mb were also excluded. Conversely, 81Fig. 2. Effect of τ on the number of (A) clustered genes and (B) physical clusters.
occurrence of a given s. If the (pseudo)genes were distributed at random, the integrat
slope is steeper in NEMP genes (circle) than in randomly sampled genes (cross). The
varied τ from 0 to 25 Mb at 250 kb intervals and produced 10,000 randomized gencandidates that retained intron-like sequences such as inser-
tion of short repeated sequences were included because these
sequences did not show any similarity to the intronic sequencesFor the normalized variable, s=x/μ, we define p(s) as the relative frequency of
ed distribution p for a given set would follow a Poisson distribution P1 (A). The
optimal τmight make genes cluster with a minimum spacing between genes; we
e sets under each τ (B). For each occasion, the average spacing was computed.
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pseudogenes originating from 181 NEMPs.
The majority of the 16% of ppNEMP genes that showed
retention of short or long repeated/nonrepeated sequence
elements compared to their parental genes exhibited truncations
in the middle and at both ends of their sequences. We found that
the number of ppNEMPs decreased as parental gene length
increased (r=−0.16, Fig. 1). The NEMPs that are highly
expressed in the germ line did not exhibit short sequence length
or a large number of corresponding pseudogenes.Fig. 3. Distribution of (A) NEMPs and (B) their processed pseudogenes relative to
frequency of the number of clustering genes for 10,000 bootstrapped gene sets fromIdentification of mitochondrial clusters
Several studies have attempted to identify gene clusters [36–
38]; however, there appears to be no consensus method or
parameter input among studies. We used two different approaches
to select the optimal criterion for τ, which represents both statis-
tical significance and the biological implication of the gene cluster.
To validate our approach, we first used the method of key-
word finding [39] to calculate the nearest-neighbor spacing
distribution p(x) of a subset in the following way: For a givenbootstrapped genes across the nuclear genome. The histogram represents the
human protein-coding genes.
Table 2
Mitochondrial genes with complex disease-related mutations
Clustered NEMPs Dispersed NEMPs
No disease-related gene 162 336
Disease-related gene 63 107
Missense/nonsense 887 1,768
Small indels 226 535
Gross indels 44 111
Complex rearrangements 6 17
Total 225 441
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between nearest-neighboring genes. It is convenient to normal-
ize x in units of the subset's mean value, μ=4.20 Mb. The
normalized variable is denoted by s=x/μ. Using the normalized
variable, we defined p(s) as the relative frequency of occurrence
of a given s. If the (pseudo)genes were distributed at random,
the integrated distribution p for a given set would follow a
Poisson distribution. If NEMP genes tended to be clustered, the
P1 for NEMP would be higher than the expected Poisson
probability. We found that the probability of NEMP genes (P1)
was higher than the Poisson probability (Pe), with maximum
difference between P1 and expected probability (Pe) at smax=
0.26 (Fig. 2A), where τ was smax×μ=1.1 Mb.
The second approach used a bootstrapping method to select
the value of τ that resulted in the minimum spacing between
genes within clusters. We varied τ from 0 to 25 Mb in 250-kb
intervals and produced 10,000 randomly selected gene sets for
each value of τ. For each case, the average spacing between
genes was computed. We observed that the average spacing
reached a minimum at τ=1 Mb (Fig. 2B). With this approx-
imation of τ, we set the best spacing value of τ as 1.1 Mb for
further analyses. Interestingly, this τ value was in accordance
with previous estimate models for which the average size of
breakpoint regions was 1.2 Mb for multispecies comparative
chromosomes [40] and the strongest correlation length of
mutation rate in humans was 1 Mb [36].
If adaptive evolution influences metabolic gene clusters in
mammals similar to the patterns reported for bacteria and the
yeast genome, then the NEMP genes are more likely to be
located in close proximity to one another [25,26]. To test this
hypothesis, we examined the genome-wide distribution of
random data sets using the bootstrapping method. We produced
10,000 randomly selected sets for each analysis. For each gene
in the random sets, we tested if it had another member down-
stream of it within the length of τ=1.1×10-6. We then calcu-
lated the proportion of the 10,000 random data sets with higher
clustering scores than the NEMP genes, which produced a direct
estimate of the p value for the hypothesis. The results indicated
that 2570 of the random data sets had higher clustering scores
(p=0.257) than the NEMP genes, which therefore have a
similar tendency for clustering relative to other protein-coding
genes in the human genome (Fig. 3A). We also identified 53
NEMP gene clusters that consisted of 226 (33.8%) of the
identified NEMP genes for further analyses (Table 1). The
average recombination rate was slightly higher in the region of
clustered compared to dispersed NEMP genes, but this had no
impact on statistical significance (data not shown). Conversely,
all of 10,000 random data sets had a higher number of clusteringTable 1
Average size (±SD) of mitochondrial gene clusters
NEMPs ppNEMPs
Gene number 4.2 (±1.5) 3.4 (±0.5)
Cluster size (kb) 1269.7 (±728.6) 1359.0 (±430.2)
Average spacing (kb) 297.8 401.5genes than the ppNEMP regions (p=1), suggesting that they are
randomly distributed in the genome relative to other functional
genes (Fig. 3B). In addition, we found that the number of
ppNEMPs per chromosome was proportional to chromosome
size (supporting Fig. 1) with chromosomes X and 1 being
outliers, whereas chromosomes 19, 11, 17, and 1 contained a
larger number of NEMP genes than expected (supporting Fig. 2).
Properties of NEMP and ppNEMP gene clusters
We classified the NEMP gene clusters according to the origin
of their members. We identified 2 clusters consisting of only
prokaryotic-derived NEMPs and 7 clusters that contained only
eukaryotic NEMPs. The remaining 46 clusters contained both
prokaryotic-and eukaryotic-derived NEMPs. To test whether the
prokaryotic heritage is associated with the formation of mito-
chondrial clusters, we calculated the difference in the pro-
portion of clustered genes between prokaryote-derived NEMPs
and eukaryote NEMPs using a χ2 test. There was no statis-
tically significant difference between the two gene types.
This could indicate either that the organization of mitochon-
drial clusters is the result of natural processes or that many hu-
man NEMPs are poorly conserved relative to their prokaryotic
homologues.
We then tested whether selection pressure on the phenotype
could have influenced the formation of clusters. There are 170
NEMP genes that harbor disease-related mutations (Table 2). A
χ2 test was used to compare differences between clustered and
dispersed genes with respect to the effects of their corresponding
mutations, includingmissense/nonsensemutations, small indels,
gross indels, and complex rearrangements. Theχ2 did not reveal
any statistically significant associations between clustering ten-
dency and disease relatedness. That is, no 2 genes within a
cluster were related to the same phenotype and disease, except in
one cluster in which 2 genes of a gene family, HADHA and
HADHB, were associated with mitochondrial trifunction.
Thirteen (93%) disease-related NEMP genes with complex
rearrangement were located near the centromeric and telomeric
regions of the chromosome. We found that 10 and 8 of 53
physical clusters were located in the subtelomere and pericen-
tromere regions of the chromosome, respectively. This amounts
to 40.3% of all clustered NEMP genes (supporting Fig. 3). One
of the largest NEMP gene clusters was located at 11q13.1–
q13.2, which is in very close proximity to a highly unstable
region of the chromosome [41].
Table 3
Sequence location relative to known gene
Category of sequence location NEMPs ppNEMPs
Sequences 3000 bp 5′ upstream of known gene 127 (19%) 16 (3%)
Sequences 10,000 bp 5′ upstream of known gene 67 (10%) 20 (4%)
Sequences 3000 bp 3′ downstream of known gene 122 (18%) 8 (2%)
Sequences 10,000 bp 3′ downstream of known gene 84 (13%) 13 (3%)
Sequences overlapping with 5′ end of known gene 20 (3%) 0
Sequences overlapping with 3′ end of known gene 24 (3%) 0
Sequences in intronic region of known gene 9 (1%) 165 (33%)
Sequences in intergenic region 219 (33%) 273 (55%)
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To analyze the localization of the mitochondrial (pseudo)
genes in relation to other neighboring genes in the nuclear
genome, we examined their relative distances with respect to the
location of 39,368 annotated protein-coding genes. We classified
their location into four categories according to a previous study as
follows: (i) the overlapping 5′ and 3′ ends of a known gene,
(ii) within the intron of a known gene, (iii) very close (within
3000 and 10,000 bp) to a known gene, and (iv) in intergenic
regions [14]. The results are summarized in Table 3.
We observed that more than half of ppNEMPs were located
far from other genes (N10,000 bp from the 5′ and 3′ ends of
other genes), and one-third were located in the intronic region of
other genes. Only 2–4% of ppNEMPs were located adjacent to
other genes (b10,000 bp from the 5′-upstream and 3′-down-
stream region). Conversely, one-third of NEMP genes were
located distant from other genes (N10,000 bp from the 5′ and 3′
ends of other genes). However, 32 and 34% of them were found
within 10,000 bp of the 5′ and 3′ region of other genes. In the
former case (32%), 3% of NEMP genes were overlapping with
other genes, 10% were found within 10,000 bp of other genes,
and 19% were within 3000 bp of the 5′-upstream region of other
genes. In the latter case, 34% of NEMP genes were within
10,000 bp of the 3′ region and a similar proportion of NEMP
genes were within the 5′ region. Only about 1% of NEMP genes
were located in an intron of another gene.
Taken together, these observations raise the intriguing
question of whether a functional relationship between NEMPs
and their neighboring genes is influenced by their localization in
the genome. We therefore tested whether the biological role of
NEMP genes is associated with the adjacent genomic sites of
genes. We identified 1327 NEMP-neighborhood genes and
compared their functions with those of the NEMPs (complete list
in Supplemental Table 1). Roughly 76% of NEMPs have been
functionally annotated in Gene Ontology (GO; [42]). The result
provided a remarkable contrast between the NEMP genes and
their neighboring genes; about 80, 67, and 58% of GO terms in
the three main categories of biological process, molecular
function, and cellular component showed significant differences.
These appeared to be involved specifically in mitochondrial
functions such as regulation of viral life cycle [hypergeometric
test (HT), p=0], localization (HT, p=0), metabolism (HT,
p=1×10-33), oxidoreductase activity (HT, p=0), electron
transporter activity (HT, p=0), carrier activity (HT, p=0), and
membrane-bound organelle (HT, p=1.33×10-86).Discussion
Evolution of mitochondrial gene clusters
Over 90% of mitochondrial proteins that are encoded in the
nucleus are estimated to play fundamental roles in sustaining
cells. The main concern of our study was how these mito-
chondrial genes have been organized throughout the nuclear
genome. In contrast to previous hypotheses that suggest adaptive
integration of metabolic gene clusters by lateral gene transfer in
prokaryotes, and by chromosomal rearrangement in yeast, our
results show a different evolutionary mechanism of mitochon-
drial gene organization in the human genome. Specifically, it
appears that evolutionary rearrangement is distributing rather
than collecting genes.
Given the results of our analyses, we propose an evolutionary
model for the genomic distribution of NEMP genes in humans in
which ancestral mtDNA and microbial DNA, which likely con-
sisted of tightly packed genes resulting from adaptive selection
[25,26,33,43], evolved in the genome through mechanisms of
genomic variability, such as double-strand break (DSB) repairing
processes. Most genes would evolve under the neutral process of
the genome (gene shuffling) by natural selection. For some time,
the integrated sequence would be split into fragments by the
activity of evolving pockets. A few genes in a fragmented
sequence might obtain the ability to be expressed by acquiring
regulatory elements during evolution. The biological environ-
ment in the mitochondrion is so laden with free radicals that it
may lead to increased damage of parental genes on the mtDNA
[44,45]; thus some of the retrocopies in the nucleus may begin to
play a specific role in the metabolic network. Most NEMP genes
must have undergone this type of shift in functional state.
Neutral process of the NEMP gene clusters
Either of two main strategies may underlie the phenomenon
of recruitment of organellar DNA sequences by the nuclear
genome. The first is a detailed strategy for reverse transcription
of mRNA driven by the activity of mobile elements, including
long interspersed nuclear elements and short interspersed
nuclear elements (SINEs; [46,47]). The second involves homol-
ogous recombination or nonhomologous end joining (NHEJ)
during the repair of DSBs [12,23,48]. The former case was
found to be a genome-wide phenomenon in which Alu elements,
primate-specific members of the SINE family, are ubiquitously
present in the human genome [49,50]. Conversely, the latter
case occurs mainly in the pericentromere and subtelomere
regions of the chromosome [40,51].
Verification through empirical studies supports three possible
explanations for the spatial distribution and the formation of
mitochondrial clusters. First, when gene copies are inserted into
the nuclear genome, some loci should be particularly favored by
selection, which increases the chances of obtaining expression
ability for these foreign DNA copies [14]. Alternatively, ran-
domly integrated mitochondrial gene copies may be assembled
to shape gene clusters by genomic rearrangement (collecting;
[26,51]). Last, a large fragment of mtDNA sequences may be
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nuclear DNA [48], followed by division into several small
segments by genomic rearrangement (distributing; [40]).
We investigated the impact of selection pressure on NEMP
gene clusters taking these three mechanisms into account. An
underlying assumption of selection pressure on the NEMP gene
is that if there were selection pressures on the retroposed genes
that are clustered by functional associations, then clustered
ppNEMPs and NEMP genes would share common parental
genes. These assumptions have no supporting evidence in our
analysis given that only 13 (1.9%) ppNEMPs of normal clusters
have their parental gene in 13 clusters of NEMP genes. Fur-
thermore, we calculated the nonsynonymous-to-synonymous
mutation rate (Ka/Ks) for both the clustered and the unclustered
genes, and neither was significant (data not shown). One
possible reason for these results is that most ppNEMPs are
randomly distributed throughout the genome, which implies
that the integration probability is higher for short sequences than
for longer ones. Supporting this explanation, HSPE1 (heat
shock 10-kDa protein 1), which is ubiquitously expressed and is
the shortest member of the heat shock protein family, is the
second most common gene among the NEMPs [52–54].
Maintenance of mitochondrial gene clusters
We've shown that some of the tightly clustered NEMP genes
are located within previously identified quantitative trait loci that
are associated with metabolic diseases or syndromes [28–
30,55,56]. It is not surprising that the mitochondrial clusters can
be found in regions related to metabolic diseases and traits. For
instance, the introduction of a single-nucleotide insertion or
deletion in NEMP genes, such as ORNT1, TIMM8A, or PCCB,
causes hyperornithinemia–hyperammonemia–homocitrulli-
nuria syndrome [57], Mohr–Tranebjaerg syndrome [58], and
propionic acidemia [59], respectively. A defective allele con-
fuses the complex metabolic network, and metabolic disorders
and syndromes occur frequently [60]. Deleterious mutations in
mitochondrial genes would thus be rapidly eliminated from the
population. In this regard, NEMP genes may be conserved by
purifying (negative) selection, and a physical cluster of NEMP
genes may enhance robustness against mutations or suscept-
ibility to rearrangements. Although this is a logical hypothesis, it
is very unlikely to account for the present results. Our results
suggest that the clustering of NEMP genes was not related to, or
determined by, the phenotypes of the genes. The majority of
NEMP gene clusters are located in the pericentromeric and
subtelomeric regions of the chromosome. In most eukaryotes,
these regions are genomic hot spots for the insertion of genetic
material. The organization of genes within these regions shows
dramatic quantitative and qualitative changes. Thus, these
regions have led to the formation of rapidly evolving pockets
ranging from 100 kb to 1Mb in size [51], which is in accordance
with the observed average size of NEMP gene clusters.
Based on our observations, we suggest as the possible
postintegration mechanism that the mitochondrial genes could
have been transmitted strictly and exclusively through mito-
chondrial DNA copy into the hot-spot region of the genome,e.g., centromeres and telomeres, and rearranged through the
human genome by NHEJ. A similar phenomenon was observed
for the nuclear integration of plastid DNA clusters in plants, and
interestingly the insertions of large organellar DNA in nuclear
DNA appeared as smaller fragments over evolutionary time
[23].
Materials and methods
Data process
The human mitochondrial protein sequences were obtained from the
MitoProteome database [31]. We performed a BLASTP search to find
corresponding proteins in the curated RefSeq [61] protein and mRNA
sequences. We defined an identity cutoff at 95% and an E value of 1×10-10.
Of the best-hit sequences that met the criteria, only “reviewed” sequences (with
accession numbers beginning with NP and NM for protein and mRNA,
respectively) were considered. For each NEMP gene, we looked up disease-
related indels from the human gene mutation database at the Institute of Medical
Genetics in Cardiff, UK [62]. The BLAST program was used to search for
homologous sequences in a protein sequence database of eight α-proteobacterial
species: Agrobacterium tumefaciens str. C58 (NC_003304, 2785), Brucella
melitensis chromosomes I (NC_003317, 2059) and II (NC_003318, 1139),
B. suis I (NC_004310, 2123) and II (NC_004311, 1148), Caulobacter
crescentus CB15 (NC_002696, 3737), Mesorhizobium loti (NC_002678,
6743), Rickettsia conori (NC_003103, 1374), R. prowazekii (NC_000963,
835), and Sinorhizobium meliloti (NC_003047, 3341). A fairly stringent
BLAST cutoff value (E=1×10-10) was used to infer homology.
Identification of pseudogenes
We retrieved all peptide sequences of nuclear-encoded mitochondrial proteins
from the National Center for Biotechnology Information. We then obtained the
human genome sequence (build 35) from the University of California at Santa
Cruz (http://hgdownload.cse.ucsc.edu/goldenPath/hg17/bigZips/) premasked for
repeat sequences, and then masked all coding regions based on 37,428 protein
coding genes found in Swiss-Prot, TrEMBL, and TrEMBL-NEW. To identify the
ppNEMPs parsimoniously, DNA sequences were translated into amino acid
sequences and subsequently searched for in a sequence database using sequence
similarity search, similar to the BLAT program [63], against the masked complete
human genome sequence with a minimum 50% identity and 50% query coverage.
We inspected a sequence alignment region to determine if they originated from a
duplication event or had truncation. By screening germ-line-specific expression
patterns of mRNA for the NEMP genes with more than one pseudogene, we
identified the NEMPgenes specifically expressed in the testis and ovarywith three
times the median expression values of non-germ-line tissues using the tissue-
specific gene expression database [31].
Physical clustering analysis
For a given subset, we calculated the set of distances between nearest
neighboring genes. The set was normalizedwith units of the subset's mean value,
μ. Using the normalized variable, s=x/μ, we defined p(s) as the relative
frequency of occurrence of a given s. If the (pseudo)genes were distributed at
random, the integrated distribution p for a given set would follow a Poisson
distribution:
P1ðsÞ ¼ 1 exp½s:
We examined whether the NEMP genes in the set were found together more
frequently than predicted by the Poisson distribution and calculated maximum
difference between P1 and expected probability (Pe) at smax, where τ is smax×μ.
We performed randomized gene selection by varying τ from 0 to 25 Mb at
250-kb intervals, where m genes were randomly selected without replacement
from the entire RefSeq mRNA database. Under each of the τ values, 10,000 sets
of m genes were produced repeatedly. The program was written to calculate the
average and standard deviation of the spacing among clustered genes for each τ.
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member downstream of it within τ. To evaluate the significance for a particular
subset of size m, we used the bootstrapping procedure described by Manly [64].
For each subset, 10,000 random trials of selecting m random genes were
performed without replacement from the entire RefSeq mRNA database and then
the number of (pseudo)genes satisfying the clustering condition among the
resampled data set (Krand) was counted. We calculated the percentage of 10,000
trials in which Krand exceeded Ks and then reported a p value as a measure of
statistical significance.
We defined an NEMP gene cluster if there were two consecutive NEMP genes
such that there were at least three NEMP genes in a cluster. That is, the NEMP of
the clustered gene (Ks) was determined by evaluating whether a NEMP gene had
another NEMP downstream of it within τ. If another member of the set occurred
downstream of another member, then the presence of three or more NEMP genes
located within a specific space (τ) from each other was defined as a gene cluster.
Functional clustering analysis
For a given set of NEMP genes, we identified a set of all physically adjacent
genes (ignoring any other NEMP in the gene set). To evaluate statistical
differences in biological function between pairs of genes in the set, we calculated
the probability of having x genes annotated for a given GO category when
randomly picking k times one gene among N genes with replacement. We
obtained a p value with the hypergeometric and the binomial distributions by
using the GOToolBox program [65] for three ontology categories: biological
process, molecular function, and cellular components.
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